The curing of liquid photopolymer is determined by the exposure (optical energy) deposited. In laser stereolithography, laser exposure is considered as non-homogenous within the radiation area. In order to investigate the difference of the cure degree within the cross section of a single cured strand, a micro-structure was evaluated by hardness measurement. The hardness distribution was found to be not homogenous, the hardness reaches its peak at the center of laser beam on the photopolymer surface and is almost zero at the boundary of the liquid and solidified polymers. Further experiment shows that the hardness is linear to the laser exposure within a certain range. These results clarify that the theoretical derivation of laser exposure distribution is reliable.
1.INTRODUCTION
Laser stereolithography(SL) is a Rapid Prototyping(RP) technology, capable of creating 3D objects directly from computer digital data. Its principal is to cure photopolymer by UV laser. As shown in Fig. 1 , 3D digital data is sliced mathematically to form a 2D contour data with a certain depth. This set of contour data is used to guide a laser beam to selectively cure the photopolymer. This forms a solidified 2D polymer layer, which is then lowered at the slice pitch by an elevator. Another new layer is solidified again according to the counter data of the next layer. This process is repeated, to finally form a three dimensional solidified polymer object.
The SL model has a relatively higher accuracy than other RP models. It also can be used as the master in the modeling of die and mold. These advantages contribute to the popularity of laser stereolithography in RP technology. But, there are still increasing demands from industry to improve this process especially in terms of accuracy.
There are many factors which have influence on accuracy. Those related to the curing of liquid photopolymer are considered the most important.
During the curing of photopolymer, several important physical phenomena can be seen. When small molecules are linked into larger molecules, shrinkage occurs. At the same time, Physical and mechanical properties are increased. When reaction heat is released, temperature changes. All of these are the function of cure time and are also related to the laser exposure.
To quantify them, numerous studies have been carried out. In one attempt, the linear shrinkage during laser scanning was measured'.
The relation of laser exposure and Young's modulus was derived from the strength measurement of a sandwiched polymer film2~ cured Fig .2 shows the curl distortion of a single cured strand. It implies that the change of the physical and mechanical properties is not homogeneous, and that investigation of the curing process should be carried out on the micro structure.
In order to investigate the physical and mechanical changes of photopolymer, the first task is to find a suitable measurement method. This paper proposes a hardness measurement which is suitable for the investigation of the micro structure in laser stereolithography.
2.LASER EXPOSURE DISTRIBUTION
There are two essential demands in laser stereolithography process. One is to obtain a required profile of solidified polymer. The other is to obtain certain physical and mechanical properties. Precise control of the width and depth of a cured strand plays an important role in increasing dimensional accuracy of the SL model. The uniform micro-structure of a cured strand ensures form accuracy. The curing of the liquid photopolymer depends on the optical energy per unit area (exposure) deposited. Therefore, it is necessary to investigate the distribution of the laser exposure within the liquid photopolymer during laser radiation.
By definition, exposure is the integral of the irradiance over time. The distribution of laser beam intensity was measured at the beginning of this experiment. Usually, the laser beam intensity at the laser head is referred to as single mode (Gaussian) beam or multi-mode beam. To draw the required path on the liquid surface, two kinds of scanning systems are used to guide the laser beam. One is galvanometer mirror system. The laser beam is transferred by galvanometer driven scanning mirrors. The other is the plotter scanner in which the laser beam is delivered by optical fiber and moves with the motion of the plotter scanner head. The purpose of using this scanner is to ensure laser energy uniformity at any point of the photopolymer surface when a big size model is built. SL machines used in this experiment are equipped with the plotter scanner. As the laser beam is transferred by optical fiber, the distribution of laser intensity on the surface of liquid photopolymer should be investigated.
The measurement device used to measure the distribution of laser intensity is the Laser Test (Sensor Physics). It consists of a CCD camera which records the intensity of the laser beam radiation and a analysis software which calculates the intensity profile.
In this experiment, CCD camera was placed on the photopolymer surface and a UV filter was used to protect the CCD.
A laser beam (SL machine:SOUP850 of CMET Ltd equipped with Argon laser, Output is 100mw ) delivered by an optical fiber was spotted on the CCD. Fig. 3 shows the distribution of laser beam intensity on the photopolymer surface. It has the Gaussian fit of 83.3% and 79.5% at the right angles to the photopolymer surface respectively.
The propagation of laser beam within the photopolymer is generally determined by photopolymer properties. Unfortunately, there is no suitable method to measure it. According to the absorption of laser radiation into the photopolymer, it is derived theoretically as follows.
A Gaussian laser beam can be written as equation (1). This laser beam scans in x direction at speed V It is assumed that the absorption of laser radiation within the photopolymer follows the Beer-Lambert Law shown by equation (2). Laser power is equal to the integral of the surface inadiance over the entire xy plane shown by equation (3). The exposure at any point Q is the integral of the irradiance at Q over time. From the above four equations, the exposure at any point Q(x,y,z) is expressed as equation (5). (1)
(s) Fig.5 shows the laser exposure distribution based on equation (5). The exposure of laser beam reaches its peak at the center of laser beam on the photopolymer surface. It is about 20 times higher than the critical exposure E~ (16.6 mJ/cm2). The laser exposure decreases with the Gaussian distribution along the vertical direction of the laser radiation and with the exponential pattern in the depth direction.
3.HARDNESS CHANGES WITH LASER EXPOSURE
These results predicate that the laser exposure distribution is not uniform within the laser radiation area. As cure degree is determined by the exposure, it should show the similar trend within the cured polymer. Because the cured unit is small and the exposure level changes several dozens with theoretical predication, it is difficult to find a suitable method to prove this predication.
Hardness measures has the advantage that it reflects the information on the measured point and the experiment method is relatively simple. The development of a hardness measurement device made it possible to evaluate the micro-structure. For evaluating the micro-structure of a single cured strand, it is necessary to clarify the relation of the hardness and laser exposure on the photopolymer.
The hardness measurement device employed in this experiment is Dynamic UltraMicrohardness Tester (SHIMADZU Ltd). Its load system is controlled by the current. The load ranges from 0.1 mN to 1960 mN. The measurement parameters in this experiment are as follows: the load is 0.5 gf; load speed is 0.0029 gf/s; load holding time is 1 second; The measurement head is a triangle diamond with a 115°C angle.
This experiment was carried out by measuring the average hardness of slab samples which were cured at different laser exposure levels. The hardness measurement was performed on the upper surface (Fig. 5 ). There were five measurement points 90 µm apart within one cured strand. Totally, 20 points in five different strands were measured for each slab sample. Their average value is considered as the hardness related to that laser exposure level. 
The SL machines employed in this experiment were SOUP850 and SOUP 530 (CMET Ltd) equipped with Argon laser and He-Cd laser. The photopolymer was epoxy type(Asahi Denka K.K). The process parameters are listed in table 1.
This shows that higher exposure results in higher hardness (Fig.7) . The green strength of cured polymer is determined by three factors: chemical composition, molecular weight of the monomer and crosslink density of the cured polymer. For certain photopolymers in this experiment, the variable is the laser exposure level only. It means higher exposure leads to more crosslinking reactions and results in high hardness. Within the exposure range used in this experiment, the hardness has an approximately linear relation with the laser exposure. Compared with HS-671 and HS-660, the increase in hardness of HS-671 is higher than HS-660. Two photopolymers consist of the same basic composition but they have different photoinitiators and concentrations. The concentration of HS-671 is several times higher than HS-660.
A high photoinitiator concentration increases the polymerization speed. It leads to a high cure degree. This results in a high increase in hardness.
4.MICRO-HARDNESS
MEASUREMENT IN CROSS-SECTION OF SINGLE CURED STRAND It has been predicated theoretically that the laser exposure is not homogenous within the laser radiation area. The above hardness measurement proves that the increase in the hardness is proportional to the laser exposure and it has linear relation within a certain exposure range. The hardness measurement within the cross section of a single cured strand should show different cure degree levels.
For measuring this cross section, sample was prepared as follows: 1. The laser beam was scanned on the photopolymer surface to obtain a single cured strand. 2. This cured strand was placed in a box which contains the epoxy resin ARALDITE CY 230 (Nagase-CIBA Ltd.) and hardener HY951. 3. After the epoxy resin was hardened, this plastic slab with the strand sample was cut in the vertical direction of the strand to obtain the cross section. To increase the measurement accuracy, polishing was performed on this side. Hardness measurement was performed in the two directions with a measuring gap of 10 µm. One measuring direction was along the laser beam center of the depth direction (Z). The other was in the vertical direction(Y) 50 µm below the upper surface (Fig.8) .
Its results show in Fig.9 . Two set of hardness measurements show that the hardness distribution is not homogenous within the cross section. The hardness reaches its peak at the center of Y direction. From the measurement of laser exposure, it is the highest point of laser exposure. Here, the hardness shows same trend. The hardness decreases rapidly along the depth direction (Z). A similar trend is with the decrement of laser exposure predicated.
In the boundary of solidified photopolymer and liquid photopolymer, the hardness is almost zero. It indicates that the laser exposure Hardness is proportional to Young's modulus. This implies that the Young's modulus may have similar distribution like one of hardness. The microstructure of a cured strand is not extremely homogenous. The in-situ temperature measurement in this area showed that the temperature changes are the same5~. It indicates that polymerization rate is not homogenous. Therefore, difference in the reaction heat released causes the temperature change.
A similar experiment was carried to evaluates the relation of laser exposure and the linear shrinkage of cured polymer6~. it was found that a high laser exposure induces high linear shrinkage (Fig.10) . In the area around the laser beam center on photopolymer surface, the laser exposure is very high, leading to a high cure degree, and just exceeds the critical value at this boundary and the polymer near it was gelled. This experiment shows that the cure degree is not extremely homogenous . It proves that the there exits a big difference in the laser exposure. The difference between maximum and minimum hardness is about 20 DHT. The laser exposure calculated is similar with the value obtained in this experiment. The predication of laser exposure can be considered reliable.
consequently to high shrinkage rate. Opposite to it, a low laser exposure area has low shrinkage. At a extreme low exposure around E~ there is almost no shrinkage. This difference of shrinkage rate induces internal-stress, and is probably the origin of curl distortion in a single cured strand. To verify this assumption, simulation by FEM method was carried out6~. In this simulation, the shrinkage rate and Young's modulus were taken as the function of laser exposure. The calculation result shows that it is possible to generate deformation of the cured strand (Fig.11) . As this causes inaccuracy in stereolithography process, more efforts should be made to ensure the uniform propagation of laser radiation in the development of photopolymer. 
